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Net photosynthesis, dark respiration, chlorophyll concentrations 
and growth were determined for Rumex patientia L. exposed to UV-B 
radiation corresponding to reduced atmospheric ozone concentrations. 
The hypothesis of whether reciprocity is maintained in the response 
of R. patientia to polychromatic UV-B radiation was tested. On 
the basis of the relationships derived from these studies, a 
simulation model was developed for the prediction of photosynthesis 
and growth of R. patientia exposed to UV-B radiation corresponding 
to any atmospheric ozone reduction. 
Photosynthetic rates were found to be depressed after two 
hours exposure to UV-B irradiance simulating a 0.18 atm•cm ozone 
column when the sun is at 30° from the zenith. During this initial 
exposure period, partial stomatal closure was implicated in the 
suppression of photosynthesis. However, after one day exposure, 
substantial increases in photosynthetic resistances apart 
from stomatal diffusion resistance occurred in the UV-irradiated 
plants and no differences in stomatal diffusion resistance 
were apparent between UV-irradiated and control plants. Dark 
respiration rates were slightly higher in those plants exposed 
to UV radiation. 
Leaf expansion of B-_. patientia was substantially repressed 
but only during the initial few days of exposure. Thereafter, 
leaf expansion was similar in the UV-irradiated and control 
plants. A reduction in total plant dry weight and leaf area 
xiv 
of approximately 50 percent occurred after 22 days treatment 
while chlorophyll concentrations remained unaltered. Time of 
leaf initiation was shawm to be delayed in those plants exposed 
to UV-B radiation. Leaf longevity was decreased with increased 
UV radiation but accelerated whole-plant senescence and death was 
not observed. 
Photosynthetic rates determined through the ontogeny of the 
third leaf of R. patientia exposed to four levels of UV irradiance 
were found to be depressed as a function of the accumulated 
biologically effective UV irradiation. Thus, reciprocity was 
demonstrated between 6350 and 3175 J biologically effective 
UV irradiation. 
Results of the simultion model showed that under reduced 
atmospheric ozone concentrations, suppression of photosynthesis 
and leaf growth would be more severe during mid-sunnner (i . e. June) 
than would occur during the March to early May period, This 
results from smaller solar angles from the zenith and lower 
prevailing ozone concentrations prevalent during June. 
A validation test of the model was made with photosynthetic 
data obtained during a field study with R. patientia exposed 
xv 
to UV-B radiation corresponding to a 38 percent atmospheric ozone 
reduction (0.18 atm•cm when the sun was at 30° from the zenith). 
This validation test showed a reasonable correspondence between the 
measured and predicted photosynthetic rates. 
R. patientia was selected as the test species for this study 
because (1) it is reasonably sensitive to UV radiation as determined 
in preliminary studies evaluating approximately 20 native and 
agricultural plant species, (2) it is normally exposed to full 
sunlight in · its natural habitat, and (3) individual leaves are 
relatively long - lived (about 60 days) and are not normally shaded 
by other leaves of the same plant. Although this species probably 
represents one of the more sensitive plants to UV radiation, it would 
be this group of sensitive plants that would be initially affected 
under conditions of reduced atmospheric ozone. If more resistant 
plants with long-lived plant parts also accumulate UV radiation 
damage as was shown to occur in R. patientia, over sufficient 
periods of time even these species might be significantly impacted 
under conditions of reduced atmospheric ozone . 
(142 pages) 
CHAPTER I 
INTRODUCTION 
Global ultraviolet (UV) radiation fluctuates both in quality 
and intensity with the a~gle of the sun above the horizon, cloudiness, 
stratospheric ozone concentration and particulates in the air. 
No appreciable UV-B (280-315 nm; Meyer and Seitz, 1942) radiation 
below 295 nm is received on the earth's surface due to absorption 
of UV radiation by the stratospheric ozone layer. Ozone, concentrated 
primarily in the upper atmosphere above 12 lan, displays an annual 
cyclic pattern. At 42°N latitude, a maximum of approximately 0.40 
atm•cm occurs in February with a low of about 0.27 atm•cm in October 
and November (Hering and Borden, 1967). A reduction of the strato-
spheric ozone concentration would result in a predictable shift 
in the terrestrial global spectrum to include the shorter UV-B 
radiation wavelenths below 295 nm (Green, Sawada and Shettle, 1974). 
Such a reduction could result from catalytic interactions of ozone 
with oxides of nitrogen released in the stratosphere by aircraft 
(Grobecker, Coroniti and Cannon, 1974; Johnston, 1971), halomethanes 
I diffusing from the troposphere ( Cicerone, Stolarski and Walters, 
1974; Molina and Rowland, 1974; Hammond, 1975) or other man-induced 
perturbations of the stratosphere. Although a shift in ,the global 
UV-B radiation spectrum resulting from partial ozone depletion 
would be small (Bener, 1972; Green et al., 1974), any added increment 
of shorter wavelength UV-B radiation might prove significant since 
it is effectively absorbed by nucleic acids and proteins (Giese, 1964). 
2 
Physiological investigations with UV radiation have, in the 
past, dealt principally with monochromatic 254 nm radiation. From 
these studies, an array of deleterious effects on plants have been 
demonstrated. These include such responses as reduced growth 
(Reynolds, 1935), inhibition of several component reactions of 
photosynthesis (Arnold, 1933; Jones and Kok, 1966; Mantai and 
Bishop, 1967; Shavit and Avron, 1963) and stimulated dark respiration 
(Owen, 1957). Extrapolation of known responses to 254 nm radiation 
in assessing the ramifications of a UV-B radiation enhanced global 
spectral irradiance does not at the present time appear plausible 
for three reasons. First, biological responses to UV-B radiation 
tend to be highly wavelength specific with respect to efficiency 
of photobiological action (Caldwell, 1971; Giese, 1964). Secondly, 
the biologically potent wavelengths shorter than 280 nm would not 
be transmitted to the earth's surface by a reduction of the ozone 
layer to even 40 percent of its present thickness (Green et al., 
1974). Finally there may be qualitative as well as quantitative 
differences in the response to 254-nm radiation and radiation in 
the 280 to 315 nm waveband as has been reported for Chlamydomonus 
reinhardi (Nachtwey, 1975). Although a concerted effort has been 
directed toward elucidation of the deleterious effects of the 
254 nm wavelength on plant metabolism, little is presently known 
in regard to the 280 to 315 nm waveband and its effect on whole-
plant growth and metabolism. This is particularly true regarding 
photobiological information on plant responses to a UV-B enhanced 
3 
global spectral irradiance as would occur under reduced atmospheric 
ozone concentrations. To date, no studies have been completed 
on the effects of UV-B radiation corresponding to a quantifiable 
reduction in atmospheric ozone and its effect on plant growth and 
metabolism. 
Several UV radiation action spectra have been published and 
many of the plant responses to UV irradiation are believed to involve 
protein and nucleic acid chromatophores (Bell and Merinova, 1961; 
Caldwell, 1971; Hollaender and Ennnons, 1941; Knapp et al., 1939; 
Van Baalen and O'Donnell, 1972). Based on these studies, Caldwell 
(1971) proposed a generalized curve representing the relative photon 
effectiveness of UV-B radiation to induce a biological response 
when protein and nucleic acid chromatophores are involved. Green 
et al. (1974) formulated this generalized action spectrum for 
each UV-B wavelength on an energy basis in the form: 
E (A)= 2.618 [1 - ( A/313.3) 2 ]e -(A- 300)/ 3l.0 8 (1) 
This generalized action spectrum provides a reasonable approximation 
for a number of biological responses to monochromatic UV-B 
irradiation including the inhibition of photosynthesis in Chlorella 
pyrenoidosa (Bell and Merinova, 1961). For polychromatic UV-B 
irradiation, it could be hypothesized that the biologically effective 
UV-B irradiation (W·m-2 ) integrated over the 280-315 nm waveband 
and time according to this generalized action spectrum might provide 
a quantitativemeasurefor the determination of a dose-response 
relationship in higher plants. Quantitatively, the biologically 
4 
effective UV-B irradiation is characterized on an energy basis in 
the form: 
3 l 5 
E (I) J (2) 
2 8 0 
where IA represents the irradiation intensity in W·m-2 •nm-l and 
EA represents the relative energy effectiveness as defined by equation 
1 for each wavelength (Caldwell, 1971). For global irradiation, 
the area defined by this formula is represented in Figure 1 as the 
sum of the areas a1 plus a 2 for the spectral irradiance represented 
by Curve A. Curves A and B (Figure 1) are field measurements of 
global spectral irradiance of a simulated 0.18 atm•cm ozone column 
and a 0.29 atm•cm ozone column, which is the average base level in 
August in northern Utah, at an angle of 30° from the zenith, respectively. 
Curve C represents the generalized action spectrum of UV-B rad i a t ion 
as defined by Caldwell (1971) expressed here on a relative energy 
basis. Since the present study is concerned with UV-B irradiance 
corresponding to certain decreases in stratospheric ozone, the 
area defined by a 1 for the particular situation depicted in Figure 
1 would then define the quantitative measure of the additional 
biologically effective UV-B irradiance of concern in this study. 
On an energy basis, the additional biologically effective 
UV-B irradiance occurring as a result of decreased atmospheric 
ozone concentrations would then be: 
3 l 5 3 l 5 
E(I) J dA J (3) 
2 8 0 2 8 0 
where I, and I represent UV-B irradiances under normal (eg. /\a2 Aa1 
5 
Figure 1. Curves A and B represent spectral irradiance of a 
simulated 0.18 atm•cm ozone column and a 0.29 atm•cm 
ozone colum which is the mean base level of ozone 
during August in northern Utah (latitude 42°N, 
112°W longitude), respectively. Measurements 
taken during a cloudless day in August with the 
sun at 30° from the zenith. Curve C represents 
the relative energy effectiveness as defined by 
Caldwell (1971). 
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0.29 atm·cm) and reduced ozone concentrations, respectively. 
The term EA represents the relative biological effectiveness as 
defined by equation 1 at each wavelength. 
7 
The initial objective of this study was to quantify changes 
in photosynthesis and growth of Rumex patientia L. exposed to a UV-B 
irradiance corresponding to a specific decrease in stratospheric 
ozone. Both field and controlled-environment studies were employed 
in the testing of the hypothesis that UV~B irradiance corresponding 
to a 38 percent ozone decrease will adversely affect plant processes. 
Additional parameters assayed in the testing of this hypothesis 
included dark respiration, chlorophyll concentrations, dry and fresh 
weights, and time of leaf exertion. 
If plants are adversely affected when exposed to a UV-B 
enhanced irradiance, the degree of metabolic suppression might 
follow some dose-response relationship. The Bunsen-Roscoe 
reciprocity law of photochemistry states that when the product of 
intensity and exposure time is constant, a constant photochemical 
reaction results. This relationship was shown as early as 1916 
by Verhoeff and Bell for UV radiation, and with some modifications, 
holds for most photochemical reactions driven by monochromatic UV 
radiation (Bucholtz, 1931). Although whole-plant responses to 
polychromatic UV-B irradiance entails a very complex situation, 
it could be hypothesized that the Bunsen-Roscoe reciprocity law 
of photochemistry holds within certain limits. The test of this 
hypothesis involved a controlled-environment study in which photo-
synthesis and leaf growth rates were determined through the ontogeny 
8 
of single leaves subjected to four levels of UV-B irradiance. 
For these experiments, dose was defined by equation 3 in terms of 
biologically effective energy. 
Perhaps the limiting factors in the evaluation of a UV-B 
enhanced global irradiance are the technical aspects of UV-B 
radiation supplementation and the quantitative characterization of 
relatively subtle responses of plants to small increases in UV-B 
irradiance. Thus, a major aim of this study was to extrapolate plant 
responses under relatively large simulated ozone reductions 
(eg. 38 percent) to predict responses under more subtle strato-
spheric ozone reductions (less than 15 percent). Predictive equations 
for photosynthesis and growth were generated from dose-response 
relationships derived during the test for reciprocity. A computer 
simulation model was developed with these equations and the analytic 
equations of Green et al. (1974) for predicting global UV-B 
irradiance corresponding to any stratospheric ozone level and 
altitude of the sun. A validation test of the simulation model 
was made by correlating data from a field experiment to data 
generated from the simulation model. 
R. patientia was selected as the test species for this study 
because (1) it is reasonably sensitive to UV radiation as determined 
in preliminary studies evaluating approximately 20 native and 
agricultural plant species, (2) it is normally exposed to full 
sunlight in its natural habitat, and (3) individual leaves are 
relatively long-lived (about 60 days) and are not normally shaded 
by other leaves of the same plant. 
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CHAPTER II 
METHODOLOGY 
Net photosynthetic rates of single leaves were determined with 
a Siemen's Corp. gas exchange systems (Koch, Lange and Schulze, 
1971). A Beckman Model 215 infrared gas analyzer measured co2 
differences of incoming and outgoing air streams. Leaf diffusive 
resistances were measured and calculated by a modification of the 
technique of Gaastra (1959). A multiplier (1.594) which relates 
the diffusion coefficients of co
2 
and H
2
o (McPherson and Slatyer, 
1973) was used to calculate co2 diffusive resistances from the H2o 
diffusive resistances. In this study, the co
2 
mesophyll resistance 
originally defined by Gaastra is replaced by the residual resistance 
term since this includes all diffusive and metabolic components 
of the total co2 resistance apart from stomata! and boundary layer 
resistances (Gifford and Musgrave, 1972). 
Artificial irradiation above 315 nm for net photosynthetic 
rate determinations was provided by four incandescent Sylvania 
300-watt lamps. Total quanta in the 400-700 nm waveband were 
monitored in the cuvette by a Lambda Co., Model LI-190SR quantum 
sensor (Biggs et al., 1971). Irradiation intensity was adjusted 
to simulate the total quanta in the 400-700 nm waveband used in each 
controlled-environment experiment. Photosynthetic determinations 
for the plants irradiated in the field were made at 800 µeinsteins• 
-2 -1 
m ·s (400-700 nm). 
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Air and leaf temperatures within the curvette were measured 
with platinum wire resistance thermometers and fine-wire thermo-
couples, respectively. A Cambridge Model 800 dew point hygrometer 
measured water vapor concentrations. Specific water vapor 
concentrations of the incoming cuvette air stream was achieved 
by mixing two air streams of different water vapor concentrations. 
Leaf areas were measured with a Lambda Model 11-3000 portable 
area meter. Photosynthesis is expressed on a leaf area (one side) 
basis. Dry weight determinations were made after oven drying 
at 42C for two days. 
Chlorophyll analysis was completed by homogenizing leaves in 80 
percent acetone and centrifuging the homogenate at 1500 xg for 
7 minutes. Chlorophyll concentrations were determined by the 
method of Amon (1949). 
UV-B Radiation Enhancement Methodology 
Methodology pertaining to UV-B radiation supplementation within 
this section presents only the basic approach employed in the 
vari0us studies reported in subsequent chapters. A more detailed 
description of specific spectral irradiance assayed and the 
associated methodology is presented in appropriate chapters. 
Stratospheric ozone, the principal atmospheric absorber of UV 
radiation, varies considerably with latitude and season (Hering 
and Borden, 1967). Analysis of spectroradiometric measurements of 
global irradiance in Logan, Utah, when compared with expected 
11 
spectral irradiance for various ozone concentrations according to 
analytic equations of Green et al. (1974) and data of Bener (1972) 
suggests a mean level of 0.29 atm•cm ozone in the month of August 
at latitude 42°N andl!2°Wlongitude. This level of ozone is used 
as base level for calculations of various degrees of stratospheric 
ozone depletion and resultant UV-B radiation increases employed 
in the studies described in following chapters. 
The predicted UV-B spectral irradiance, IA, corresponding 
to different levels of atmospheric ozone depletion was determined 
by the formula of Sisson and Caldwell (1975): 
e 
I 
m,A 
(300-A)/8 
10(1/COS8)e (O 
z2 
The global irradiance supplemented by the control lamp system 
(4) 
-2 -1 (described below) in the field is represented by I , (w•m ·nm ), 
ID,A 
O is the base ozone level (0.29 atm•cm) and O is the reduced 
zl z2 
level of ozone being simulated. Theta, 8, represents the angle 
of the sun from the zenith. This equation was derived from the 
analytic formulations of Green et al. (1974). With a mean error 
of less than 5 percent, this equation can predict global (diffusive 
+ direct beam) irradiance changes as a function of ozone depletion, 
as given by Bener (1972). This equation is, however, not as 
satisfactory for wavelengths shorter than 292 nm or for situations 
where the angle from the zenith is greater than 50° or base ozone 
concentrations are less than 0.15 atm•cm. 
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Appropriately filtered Westinghouse Corp. FS-40 'sun lamps' 
provided UV radiation supplementation to simulate irradiance within 
the 280-320 nm waveband for various levels of stratospheric ozone 
depletion. The spectral irradiance of one unfiltered FS-40 lamp 
measured at a distance of 9.2 cm is shown in Figure 2. The 
spectral composition as well as intensity of these lamps changes 
rapidly over the first 100 hr so that prior burning of the lamps 
before experimental use was necessary to obtain a relatively 
constant UV radiation regime. 
To test plant response to a 0.11 atm•cm stratospheric ozone 
decrease (from a base level of 0.29 atm•cm; 30° angle from the 
zenith), a lamp/filter system was developed for use in both field 
and controlled environment applications. The filter employed with 
the FS-40 lamps to produce this UV radiation enhancement was a 
polyester film marketed as Kodacel TA 401 (5 mil, 0.13 nm) (Kodak 
Co.). The spectral irradiance provided by two FS-40 lamps filtered 
with this polyester film in the configuration shown in Figure 3, 
in the absence of global irradiation, is presented in Figure 2. 
Similar measurements taken in the field with the sun at 30° 
from the zenith during a cloudless day with the Kodacel-filtered 
lamp supplementation (simulating a 0.11 atm•cm ozone reduction) 
are presented in Figure 4. The spectral irradiance of the filtered 
lamps and the global irradiance was corrected for cosine response 
errors of the Gannna Scientific Co. spectroradiometer. These 
corrections were made by dividing the sky hemisphere into 5° radial 
segments (from 0° to 90°) and applying a cosine error correction 
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Figure 2. Spectral irradiance of (A) two Westinghouse FS-40 
'sun lamps' each filtered by one layer of Kodacel TA401 
(5 mil; 0.13 :,nnn) plastic film, (B) two Westinghouse 
FS-40 'sun lamps I each filtered by two layers of 
Kodacel TA 401 (5 mil; 0.13 rro:n) plastic film, (C) 
two Westinghouse FS-40 'sun lamps' each filtered 
by one layer of Mylar Type A (10 mil, 0.25 mm) 
plastic film, (D) one unfiltered Westinghouse FS-40 
'sun lamp' at 9.2 cm. The dashed line (E) is the 
spectral irradiance predicted by equation 4 for 0.18 
atm"cm ozone with the sun at 30° from the zenith 
using the UV radiation flux values of Bener (1972). 
Spectroradiometric measurements of A, Band C were 
made with the lamps in configuration illustrated in 
Figure 3. All measurements were made i n the 
absence of global radiation. 
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Figure 3. End view of the FS-40 lamp configuration used 
in field and controlled-environment UV radiation 
supplementation studies. 
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Figure 4. Cosine corrected spectroradiometric measurements 
of global solar irradiance with the sun at an 
angle of 30° from the zenith, supplemented with 
two FS-40 'sun lamps' each filtered with (A) 
Mylar Type A (10 mil; 0.25 mm) yie}ding the 
control ozone concentration of O. 29 atm. cm, and 
(B) Kodacel TA-401 (5 mil; 0.13 mm), simulating 
a 0.18 atm•cm ozone concentration. Curve C 
represents the predicted spectral irradiance at 
0.18 atm.cm ozone from a base level of 0.29 
atm-cm, according to equation 4. 
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factor for each sky segment for diffusive irradiance and 
incorporating a cosine error correction factor for direct solar 
irradiance and the irradiance provided by the lamp system. 
For UV irradiance supplementation in the field designed to 
simulate a 0.07 atm•cm ozone reduction (from a base 0.29 atm.cm), 
two layers of Kodacel TA 401 (5 mil; 0.13 mm) were used with each 
FS-40 lamp in the configuration illustrated in Figure 3. 
Spectroradiometric measurements taken in the absence of global 
irradiance and in the field during a cloudless day with the sun 
at 30° from the zenith (cosine-corrected) are presented in Figures 
2 and 5, respectively. 
As shown in Figure 2, three principal lines of radiant energy 
corresponding to the mercury-vapor emission spectrum (365, 404.6 and 
435.8 nnn) are observed in the radiant emission of this lamp at 
wavelengths greater than 320 nm. The 365 nm wavelength has been 
shown to repress growth of Ginkgo pollen (Klein and Edsall, 1967) 
and suppress vegetative growth of higher plants (Klein, Edsall 
and Gentile, 1965). Although the 365 nm wavelength is evident 
-2 in the spectral irradiance of the FS-40 lamp (0.06 W.m at 9.2 
cm distance), when this lamp is used to supplement sola ·r UV 
irradiation, the FS-40 lamps provide a comparative small addition 
of 365 nm radiation to the 360-370 nm waveband already present 
-2 in irradiation from the sun (approximately 5 W•m ; angle from 
-2 the zenith 30°) or the xenon arc (approximately 2.2 W•m ; when 
. . -2 -1 the lamp is operating at 800 µe1nste1ns•m •s between 400-700 nm). 
Nevertheless, so that differences in plant response to the UV 
20 
Figure 5. Cosine-corrected spectroradiometric measurements of 
global solar irradiance with the sun at an angle of 
30° from the zenith, supplemented with two FS-40 
'sun lamps' each filtered with (A) one layer Mylar 
type A (10 mil; 0.25 mm), yielding the control ozone 
concentration of 0.29 atm•cm, and (B) two layers 
Kodacel TA-401 (5 mil; 0.13 mm), simulating a 0.22 
atm•cm stratospheric ozone concentration. Curve C 
represents the predicted spectral irradiance 
at 0.07 atm•cm ozone decrease from 0.29 atm·cm by 
equation 4. 
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radiation and control treatments can be attributed solely to the 
280-315 nm waveband, the control treatment also consisted of two 
FS-40 'sun lamps', each filtered with one layer of Mylar Type A 
(10 mil) plastic film. This filter effectively absorbs all UV 
radiation below 315 nm but has transmission characteristics similar 
to Kodacel film above 315 nm. Spectroradiometric measurements 
of two FS-40 'sun lamps' each filtered by Mylar Type A {10 mil) 
plastic film in the absence of global radiation in the configuration 
illustrated in Figure 3 are shown in Figure 2. 
In field experiments, the lamp/filter systems were utilized 
to supplement UV-B radiation during the time period when the 
angle of the sun from the zenith was less than 50°. Since normal 
global irradiance fluctuates within this time interval as a 
function of the angle from the zenith, it is not possible to simulate 
a constant ozone reduction irradiation regime with a constant UV-B 
enhancement spectral irradiance from the Kodacel-filtered lamp 
system. As is apparent in Figure 6, which depicts the simulated 
ozone depletion for a day in August, for angles from the zenith 
between 35° and 50°, the simulated ozone reduction increases. 
The UV radiation supplement provided by the Kodacel-filtered lamp 
system is equivalent to 0.11 atm•cm stratospheric ozone decrease 
for angles from the zenith between 35° and 30°. For periods during 
the day when the angle from the zenith is greater than 50°, the 
lamp/filter systems were not used. 
The lamp/filter systems described for use in field experiments 
were similarly employed in controlled-environment studies. A plastic 
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Figure 6. Simulated ozone reduction (atm•cm) resulting from 
global solar irradiance supplemented with two FS-40 
'sun lamps' each filtered with one layer of 
Kodacel TA 401 (5 mil; 0.13 nun) plastic film for a 
cloudless day in August at latitude 42°N. 
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film or glass-filtered 6000-watt xenon arc (Osram Co.) provided 
irradiation above 315 nm and is described in applicable chapters. 
In all controlled-environment studies, the temperature was 
programmed to simulate a July day in Logan, Utah (13 to 37C). 
Theplasticfilm filters were routinely replaced approximately 
every 3, 11-hr days or equivalent time period due to photochemical 
degradation and the resultant change in transmiss i on. 
CHAPTER III 
PHOTOSYNTHESIS, DARK RESPIRATION AND GROWTH OF 
RUMEX PATENTIA L. EXPOSED TO UV-B IRRADIANCE 
(280-315 nm) SIMULATING A REDUCED ATMOSPHERIC 
OZONE COLUMN 
Introduction 
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Photosynthetic inhibition by 254 nm UV radiation was first 
observed by Arnold (1933) in Chlorella pyrenoidosa. Since this 
initial study, the effects of 254 nm radiation on the photosynthetic 
process has been investigated in some detail, primarily with alga 
as the test organism (Bell and Merinova, 1961; Black, 1973; 
Halldal, 1964; Lockhart and Brodfuhrer, 1961; Mantai and Bishop, 
1967; Trebst, 1974; Van Baalen, 1968). Components of the photo-
synthetic process suggested as being directly affected by 254 nm 
radiation include inhibition of electron transport (Arnold, 1933; 
Erixon and Butler, 1972), the Hill reaction (Jones and Kok, 1966; 
Mantai and Bishop, 1967; Shavit and Avron, 1963) and non-cyclic 
photophosphorylation (Jones and Kok, 1966). A utilization of these 
studies in assessing an enhanced UV global spectral irradiance 
resulting from reduced atmospheric ozone concentrations could result 
in a misrepresentation in predicted higher-plant responses. These 
studies often utilized intense 254 nm radiation in the absence of 
concomitant longer wavelength radiation similar to global irradiance. 
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In addition, biological responses are highly wavelength specific 
with respect to efficiency of photobiological action (Caldwell, 
1971; Giese, 1964) and the 254 nm wavelength would not be transmitted 
even tmder severe ozone reductions to 40 percent of its present 
concentration (Green et al., 1974). 
An evaluation of the response of higher-plants exposed to a 
UV radiation enhanced global spectral irradiance correlated with 
specific atmospheric ozone reductions is presently nonexistent. Thus, 
this chapter reports an evaluation of net photosynthesis, dark 
respiration and growth of Rtnnex patientia L. exposed to UV irradiation 
corresponding to the global UV spectral irradiancewaichwould occur 
with partial ozone reduction. The level of ozone reduction simulated 
was an approximate 38 percent decrease from normal. 
Methods 
Germination of R. patientia L. seeds was carried out in petri 
dishes and the seedlings were transplanted individually into peat 
pots and then into 10-cm pots at initiation of the first leaf. The 
plants remained in a greenhouse until full expansion of the third 
leaf. Temperatures in the greenhouse fluctuated between 20C during 
the night and 35C during the day. From these plants, the most 
uniform-appearimg plants were selected for each controlled-
environment experiment. For field studies, the plants were 
transferred to field Plots for approximately a week of equilibration 
under normal global irradiation prior to treatment. Again, only the 
most uniform-appearing plants were selected for the experiment. In 
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all experiments, the third leaf was used in photosynthetic deter-
minations and upon initiation of treatment, the plants were approxi-
mately five weeks old from the time of germination. At initiation 
of each experiment, the third leaf was approximately 15 days old. 
Net photosynthetic rate determinations were made on the third 
leaf of all plants initially selected for experimentation. Those 
plants expressing the most uniform net photosynthetic rates were 
randomly selected for subsequent control and UV radiation treatments. 
To achieve uniform irradiation over the entire surface of the 
third leaf, and thereby reduce variability, the third leaf was 
maintained horizontal to the light sources by white string looped 
over the petiole. 
Net photosyuthetic rates of plants from both field and controlled-
environment studies were determined in the Siemens cuvette with 
a UV-enhanced spectral irradiance corresponding to that used in the 
respective experiments. For the UV-irradiated plants, the normal 
cuvette cover was replaced with one layer of Kodacel TA-401 (5 mil) 
plastic film filter and two Westinghouse FS-20 'sun lamps' pvovided 
the desired UV radiation enhancement to simulate a 0.18 atm·cm 
ozone coltnnn. 
The light source in the controlled-environment experiments 
was a 6000-watt Osram Co. xenon arc mounted below a parabolic 
reflector. The UV radiation enhanced treatment consisted of (1) 
one layer of Mylar Type A (10 mil) plastic film which enclosed the 
lamp and removed all UV radiation produced by the xenon arc below 
315 nm and (2) two Westinghouse FS-40 'sun lamps' each filtered 
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by one layer of Kodacel TA-401 (5 mil) plastic film provided 
supplemental UV irradiation corresponding to a 0.18 atm·cm strato-
spheric ozone column at an angle from the zenith of 30° (Figure 7). 
The normal level of ozone in August in northern Utah (42°N 
latitude, 112°W longitude) where this population of Rumex was 
collected, is approximately 0.29 atm•cm. The control irradiation 
treatment consisted of the same lamps as used in the UV radiation 
enhanced treatment. All lamps (two FS-40 'sun lamps'; a 6000-W 
xenon arc) in the control treatment were filtered with one layer 
of Mylar Type A (10 mil) plastic film (Figure 7). 
An 11-hr photoperiod was used in all controlled-environment 
studies with temperature programmed to simulate a July day in Logan, 
Utah (37 to 13C). 
In field studies, a simulated 0.18 atm-cm ozone column was 
also evaluated. As previously described for the controlled-environ-
ment studies, two FS-40 'sun lamps' each filtered by Kodacel TA 401 
(5 mil) or Mylar Type A (10 mil) plastic film filters were used 
for the UV radiation and control treatments, respectively. Spectral 
irradiances resulting from global irradiance with (Kodacel-filtered 
FS-40 'sun lamps'; 0.18 atm•cm ozone simulation) and without 
(Mylar-filtered FS-40 'sun lamps'; 0.29 atm•cm ozone) supplemented 
UV radiation below 315 nm are shown in Figure 4. These measurements 
were made when the angle from the zenith was 30° during a cloudless 
day with a Gamma Scientific Co. spectroradiometer. The lamp/filter 
systems were used daily when the angle from the zenith was less 
than 50°. 
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Figure 7. Spectroradiometric measurements in a controlled-
environment for (A) two FS-40 lamps each filtered 
with one layer of Kodacel TA-401 (5 mil) plastic 
film plus a 6000-W xenon arc filtered with one 
layer Mylar Type A (10 mil) plastic film simulating 
a 0.18 atm•cm ozone column when the sun is at 30° 
from the zenith and (B) two FS-40 lamps and a 
6000-W xenon arc each filtered with one layer 
Mylar Type A (10 mil) plastic film. The FS-40 
lamps in each treatment were in the configuration 
illustrated by Figure 3. Irradianc~ 1between 400 
and 700 nnn was 800 µeinsteins·m-2•s • 
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Results 
Controlled-environment studies 
Net photosynthetic rates of R. patientia over a 7-hr period were 
determined to measure the initial short-term effects of a UV-
enhanced irradiance simulating a 0.18 atm•cm ozone column with the 
sun at 30° from the zenith. The visible part of the spectrum 
(400-700 nm) was maintained at 400 µeinsteins·m- 2 ·s- 1 • Consistent, 
significant differences (P<.05) between the UV radiation and 
control treatments were found after 2 hr exposure (Figure 8). 
Mean net photosynthetic rates of the UV radiation treated plants 
were depressed about 15 percent below the control plants after 
7-hr treatment. This difference was still apparent after a 10-hr 
dark period. Although total co2 resistance was significantly greater 
for the plants exposed to UV irradiance, the variability exhibited 
by the components of the total co2 resistance between treatments 
eliminated statistically significant differences (P< .05) (Figure 8). 
The leaf resistance component (r' + r'), however, appeared to be 
a s 
more responsible for the significant increase in total co2 resistance 
than did the residual component (r'). This would suggest an 
r 
effect on stomata! aperture. Zill and Tolbert (1958) similarly 
observed a 30 to 50 percent stomata! closure in Thatcher wheat 
-2 
after 30 minutes of intense 254-run radiation (3.5 W•m ). 
Net photosynthetic rate determinations over a 7-day period 
under the same UV-enhanced irradiance and visible irradiance as 
-2 -1 
used in the previous short-term study (400 µeinsteins•m •s 
33 
Figure 8. Net photosynthesis and the associated COz resistances 
(r} = residual resistance; r; + r~ = leaf resistance) 
of the third leaf of Rumex patientiaL. fo y- 7 hours 
of UV irradiance (e-~-e) (simulating a 0.18 atm•cm 
stratospheric ozone level at an angle of 30° from 
the zenith) and control (Q-----{)) treatment. 
Irradiance between 400 and 700 nm was 400 µeinsteins• 
m-2.s-l. Verticalbars represent± one standard error 
and each point is the mean of 5 replicates. 
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between 400-700 nm) are presented in Figure 9. Net photosynthetic 
rates of the UV-radiation-treated plants were significantly (P<.05) 
reduced after one, 11-hr day of treatment. Leaf resistances 
(r' + r') did not differ significantly (P<.05) between treatments, 
a s 
whereas the residual resistances (r') were found significantly 
r 
(P<.05) different after one day of UV radiation exposure (Figure 9). 
The decreasing photosynthetic rates and increasing r' observed in the 
r 
control plants over . time is probably due to increasing leaf age 
since the same leaves (third leaf) were used for photosynthetic 
determinations throughout the study. 
Photosynthetic rates of B_. patientia under the same UV-enhanced 
irradiance, temperatures and photoperiod as the previous experiment 
-2 -1 but with 800 µeinste i ns•m •s (400-700 nm) yielded essentially 
the same results (Figure 10). These experiments were conducted at 
-2 -1 two levels of visible irradiance (400 and 800 µeinsteins•m ·s for 
the waveband between 400 and 700 nm) to determine if the effects of 
UV irradiation would be more severe at a lower visible irradiance 
when light for photosynthesis and photorepair processes might be 
more limiting. However, comparable accumulative UV-B radiation 
repression of photosynthesis is suggested for both visible irradiance 
experiments through 7 days of exposure. In addition, an almost 
identical response was noted for the calculated r' and r' + r' 
r a s 
resistances in both the 400 and 800 µeinsteins·m- 2 ·s-l (400-
700 nm) experiments. That is, no statistically significant (P< .05) 
differences were found between the UV-irradiated and control plants 
for r' + r' although r' differed statistically after one day of 
a s r 
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Figure 9. Net photosynthesis and co2 resistances (r; = residual 
resistance; r; and rl = leaf resistances) of Rumex 
patientia L. during 7 days of UV irradiance (•----•) 
(simulating a 0.18 atm•cm stratospheric ozone level 
at an angle of 30° from the zenith) and control 
(o o) treatment in controlled-environment studies. 
Irradiance between 400 and 700 nm was 400 µeinsteins, 
m-2.s-l. Vertical bars represent± one standard error 
and each value is the mean of 4 or 5 replicates. 
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Figure 10. Net photosynthesis and dark respiration of Rwnex 
patientia L. during 7 days of UV irradiance (•----•) 
(simulating a 0.18 atm•cm stratospheric ozone level 
at an angle of 30° from the zenith)and control 
(o o) treatment in controlled-environment studies. 
Irradiance between 400 and 700 nm was 800 µeinsteins· 
m-2.s-l. Vertical bars represent± one standard 
error and each point is the mean of 4 to 6 replicates. 
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treatment. Stomatal aperature did not appear to be affected in the 
longer-term UV-radiation-enhanced treatments (400 or 800 µeinsteins• 
-2 -1 
m •s between 400 and 700 nm) as was suggested to occur in the 
short-term (7-hr) exposure period. 
Dark respiration rates determined in this experiment (800 
-2 -1 µeinsteins•m ·s between 400 and 700 nm treatment) were 
significantly (P<.05) higher in the UV-radiation-enhanced treatment 
(Figure 10). Owen (1957) reported that short-term exposure of 
-2 tobacco plants to 254-nm radiation (8.7 W·m ) also resulted in 
increased dark respiration rates and furthermore, that longer UV 
radiation exposure caused continued increases in respiration rates. 
In the present study, however, a relatively stable elevated dark 
respiration rate was maintained through 7 days of UV radiation 
exposure. 
f 1 h f h 800 . . -2 -1 Lea engt measurements or t e µe1nste1ns•m •s 
(400-700 nm) experiment are shown in Figure 11. Leaf lengths 
for each leaf were compared between treatments for each day beginning 
at leaf initiation. Consistent,significant (P< .05) differences 
were found after 3 days treatment in leaf number 1, and 2 days 
for leaves 2-6. As shown in Figure 11, leaf length and time of 
leaf exertion are retarded for leaves 2 through 6 when plants were 
exposed to the enhanced UV irradiance. Upon. termination of this 
study, dry and fresh weights for aboveground biomass and total 
leaf area were determined (Table 1). Mean values of the UV-
radiation treated plants were less than 50 percent of the control 
plants and all parameters differed significantly (P<.01) between 

Figure 11. Leaf length for leaves 1 through 6 of Rumex patientia 
L. during 23 days of UV irradiance (~-~) (simulating 
a 0.18 atm•cm stratospheric ozone level at an angle 
of 30° from the zenith) and control ( ) treatment 
in controlled-environment studies. Irradiance 
between 400 and 700 nm was 800 µeinsteins·m-2.s-l. 
Each point represents the mean of 6 replicates. 
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Table 1. Mean dry and fresh weight for aboveground biomass, 
total leaf area, and fresh and dry weight to leaf 
area ratios of Rumex patientia after 22 days of 
UV irradiation (simulating a 0.18 atm•cm ozone 
column; angle of 30° from the zenith) and control 
treatments in controlled-environment studies. 
Irradiation between 400 and 700 nm was 800 
µeinsteins·m-2-s-l. Each value represents the mean 
of 4 to 6 replicates. 
UV radiation Control 
treatment treatment 
2 Leaf Area (cm) 44.79 89.67** 
Fresh weight (g) 1.37 2. 99** 
Fresh weight: Leaf area 0.030 0.033 
Dry weight (g) 0.13 o. 29*1< 
Dry weight: Leaf area 0.003 0.003 
**Represents significant differences at P<.01. 
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treatment and control. Fresh and dry weight to leaf area ratios 
were similar between treatments (Table 1). Total chlorophyll, 
chlorophyll a and chlorophyll b concentrations were also determined 
on a fresh and dry weight basis. As shown in Table 2, no 
consistent differences were found between treatments. 
Field study 
Net photosynthesis was determined for R. patientia in a field 
experiment under a UV-enhanced global spectral irradiance 
corresponding to a 0.18 atm•cm ozone column when the sun was 30° 
from the zenith (Figure 12). Under these conditions, significantly 
(P<. 05) depressed photosynthetic rates were found for the UV-
enhanced treatment plants after 3 days. The calculated co2 
resistances (Figure 12) followed similar trends as those of plants 
treated similarly in controlled-environment experiments. 
Discussion 
The UV-enhanced irradiance corresponding to a 0.18 atm•cm ozone 
column resulted in an almost immediate suppression of photosynthesis 
and leaf expansion of R. patientia. Decreased photosynthesis could 
be detected after only two hours of exposure to the UV irradiance. 
Partial stomatal closure is implicated in the suppression of photo-
synthesis during the initial exposure to radiation. However, after 
one day of exposure, leaf resistances (r' + r') did not differ 
a s 
between UV-irradiated and control plants, indicating that stomata! 
diffusion resistance was not involved in the lower photosynthetic 
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Table 2. Total chlorophyll, chlorophyll a and chlorophyll b 
for leaf 1 through 7 of Rumex patientia after 28 days 
of UV radiation enhanced (simulating a 0.18 atm•cm 
ozone colunm at an angle of 30° from the zenith) 
and control treatments in controlled-environment 
studies. Irradiation between 400-700 nm was 800 
µeinsteins·m-2·s-1. Chlorophyll concentrations are 
expressed as mg/g fresh or dry weight. : Each value 
represents the mean of 4 to 6 replicates. 
Control treatment UV radiation treatment 
Leaf No. 
(A) Fresh weight 
1 
2 
3 
4 
5 
6 
7 
(B) Dry weight 
1 
2 
3 
4 
5 
6 
7 
Total 
1.02 
1. 31 
1. 46 
1.58 
1. 78 
1. 79 
1. 76 
10.83 
11.95 
14.22 
15. 36 
17.16 
17. 35 
16.16 
a 
0.65 
0.88 
0.99 
1.11 
1.22 
1.27 
1.17 
6.94 
8.06 
9.69 
10. 77 
11. 78 
12.01 
11. 37 
b 
0.36 
0.43 
0.47 
0.47 
0.56 
o. 53 
0.59 
3.89 
3.09 
4.53 
4.59 
5.38 
5. 09 
5.80 
Total 
0.95 
1. 31 
1.54 
1. 79 
1. 70 
1. 73 
9.84 
13.56 
14.66 
18.58* 
16.59 
16.64 
a 
o. 62 
0.87 
1.05 
1. 22 
1.19 
1.18 
6.41 
8.99* 
10.52 
12.60* 
11.59 
11. 36 
b 
0.33 
0.44 
0.49 
0.58 
0.51 
0.55 
3.43 
4.58 
4.67 
5.97* 
5.01 
5.29 
* Represents significant (P<.05) differences between control and UV 
radiation treatments for the particular parameter and leaf 
number. 
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Figure 12. Net photosynthesis and C02 resistances (r} =
residual resistance; r� + r1 = leaf resistance) of 
Rumex patientia L. during 8 days of UV irradiance 
(e-�-e) (simulating a 0.18 atm•cm stratospheric 
ozone level at an angle of 30° from the zenith) 
and control (o o) treatment in field studies. 
Irradiance between 400 and 700 nm was 800 µeinsteins, 
m-2.s-l during photosynthetic determinations.
Vertical bars represent ± one standa:ttd error and
each point is the mean of 4 to 6 replicates.
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rates of the UV-irradiated plants. The effects of the UV 
irradiation must therefore involve other components of the photo-
synthetic apparatus apart from stomatal diffusion as indicated 
by the increased residual resistance term. 
Unlike earlier reports of chlorophyll destruction by intense 
254-nm radiation (Cline and Salisbury, 1966; El-Mansey and 
Salisbury, 1971), chlorophyll concentrations were not depressed 
by irradiance in the 288 to 315-nm waveband. If UV irradiance in 
this waveband has the potential to destroy chlorophyll similar to 
254-nm radiation, the intensities, exposure periods, or both were 
insufficient to cause destruction in this study. Thus, the 
repressed photosynthetic rates of the UV irradiated pfants were 
not a secondary effect of chlorophyll destruction. 
Photoreactivation involves a partial or complete repair of 
molecular damage induced by UV irradiation. This repair is dependent 
on radiation ,,of longer wavelengths (315 to 550 nm). A variety of 
deleterious physiological manifestations of UV irradiation (primarily 
254-nm) in higher plants has been shown to be photoreactivable 
(Caldwell, 1971; Owen, 1957). However, conclusive evidence that 
impairment of photosynthesis by UV radiation is photoreactivable 
has not been found although this is suggested by Van Baalen (1968) 
in his experiments with blue-green alga. Apart from photo-
reactivation, visible radiation may also contribute to the repair 
or replacement of damaged organelles or tissues. Thus, experiments 
involving an enhanced UV irradiance were conducted at two levels of 
-2 -1 
visible irradiance (400 and 800 µeinsteins·m •s ; 400-700 nm) 
49 
to determine if the effects of UV irradiation would be more severe 
under conditions of low visible light. After three days exposure, 
photosynthesis in the UV-irradiated plants of the low-visible-light 
experiment was depressed to 68 percent of control plant photo-
synthesis while rates of the UV-irradiated plants in the high-visible-
light experiment were still 90 percent 0f rates of control plants. 
However, after seven days of UV radiation exposure, photosynthesis 
of UV-irradiated plants in the high-visible-light experiment was 
depressed almust as much as in the low-visible-light experiment 
(70 and 62 percent of the control plants, respectively). Although 
UV radiation does appear to be more effective in depressing photo-
synthesis when visible light intensities are low, this effect 
app~ars to be pronounced only during the early stages of treatment. 
Under conditions of either high or low visible light, the 
depressive effects of UV irrad i ation on photosynthesis appear to 
accumulate with continued exposure. Although plants in these 
experiments were exposed to UV radiation corresponding to a sizeable 
depletion of atmospheric ozone (38 percent reduction), even with 
only a 5 or 10 percent reduction, the effects of this increased 
ultraviolet irradiance could be significant for plants with 
reasonably long-lived leaves if the damage accumulates in a manner 
similar to that demonstrated in these experiments. 
Although UV radiation damage to photosynthesis appeared to 
accumulate over longer exposure, depression of leaf expansion did 
not. The reduction of leaf expansion rates was most severe in the 
very early stages of leaf elongation and apparently involves an 
effect of UV radiation apart from simply limiting the supply of 
50 
photosynthates for growth. When daily elongation rates of the first 
leaf are plotted from initiation of the UV radiation treatment 
(Figure 13). it is apparent nhat leaf expansion rates were depressed 
below those of the control plant leaf only during the first few 
days. In this figure is also a plot of the expected expansion 
rate of the first leaf exposed to UV radiation if growth rates of 
that leaf were dependent solely on its own photosynthesis for growth 
and there was no appreciable delay between production of photosynthates 
and their utilization in the growth process. This hypothetical 
situation would represent the most pronounced possible case of 
growth reduction as a consequence of suppressed photosynthetic rates 
by UV radiation. In this situation, depression of leaf expansion 
rates would show an accumulative response as does the depression of 
photosynthesis. Instead, the reduction in expansion rates during the 
first two days of ontogeny suggests that UV irradiation is acting 
directly on leaf expansion processes. The suppressive effect of UV 
radiation on the expansion rates of subsequent leaves are similar 
to the first leaf (see Figure 11), although time of leaf exertion 
is delayed in the plants exposed to UV irradiation. The effects of 
UV irradiation on development and growth of other leaves later in 
the treatment may reflect both the direct effects of UV irradiance 
on leaf expansion processes as well as photosynthate limitation. 
The potential of increased solar ultraviolet radiation 
resulting from partial ozone destruction to decrease the growth and 
productivity of sensitive higher plants is apparent in this study. 
The direct effects of UV irradiance on depressed photosynthetic rates, 
51 
Figure 13. Leaf elongation rates (mm•day- 1 ) of the first leaf 
of Rumex patientia L. during 18 days of UV irradiance 
(•) (simulating a 0.18 atm•cm ozone column) and 
control (o) treatment in controlled-environment 
studies. The curves represent least square fits of 
the UV irradiance (~--~) and control treatment 
(~-) elongation rates. The dashed line(-~) 
represents the expected leaf elongation rate of the 
UV irradiated leaf if the reduction in elongation 
rate were solely a function of the depressed photo-
synthetic rates of that leaf. Each point represents 
the mean of 6 replicates. See text for details. 
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decreased leaf expansion processes, and also the apparent stimulation 
of dark respiration would all contribute to reducing the carbon 
economy of the plant. 
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CHAPTER IV 
THE RECIPROCITY RELATIONSHIP IN THE RESPONSE 
OF RUMEX PATIENTIA L. EXPOSED TO 
UV RADIATION 
Introduction 
The objective of this study was to test the hypothesis that 
reciprocity is maintained in the response of!· patientia L. to 
polychromatic UV-B irradiance simulating reduced atmospheric ozone 
concentrations. Quantitatively, the measure of biologically 
effective UV-B irradiance utilized in this test can be expressed 
in the form: 
3 l 5 3 l 5 
I (I) J J dA (5) 
2 80 2 80 
where I, and I , represent UV-B irradiance unde r normal (eg. 0.29 Aa2 Aal 
atm•cm) and reduced ozone concentrations, respectively. The term 
EA represents the relative biologically effectiveness as defined by 
equation 1 at each wavelength. Thus, I (I) represents the additional 
biologically effective UV irradiation of concern in the test of 
reciprocity. 
If recriprocity is maintained, then R. patientia L. leaves 
should accumulate damage produced by exposure to biologically 
effective UV irradiance over time. This tendency to accumulate 
detrimental effects of UV radiation on plant physiological processes 
SS 
would be important for long-lived plant parts even under relatively 
small (eg. less than 15 percent) ozone reductions. The functional 
value of these relationships is the predictability of plant 
responses to additional fluxes of biologically effective UV 
irradiation that would occur under reduced atmospheric ozone 
concentrations. 
The second aim of this study was to develop a simulation model 
for the prediction of plant response (ie. photosynthesis and growth) 
to any level of atmospheric ozone and its resultant UV-B irradiation. 
The basis of this simulation model is the biologically effective 
UV irradiation as defined by equation 5 and its relationship with 
plant growth and photosynthesis derived during the experiments 
testing for reciprocity. A validation test of the simulation model 
was made with a field study conducted under a UV irradiation 
supplement simulating a 0.18 atm•cm ozone column when the sun was 
at 30° from the zenith. 
Methods 
Net photosynthetic rates were determined as previously described 
in Chapter II. Artificial irradiation was provided by four, 300-watt 
-2 -1 Sylvania 'cool-beam' spotlights adjusted to 800 µeinsteins•m ·s 
Plexiglass cuvette covers were used during all photosynthetic 
rate determinations. 
Four levels of UV spectral irradiance were employed in the 
controlled-environment experiments (Figure 14). Treatment 1 
(curve A, Figure 14) simulated a 0.18 atm•cm ozone column with the 
56 
Figure 14. Spectroradiometric measurements in a controlled-
environment for spectral irradiance (A) simulating 
a 0.18 atm•cm atmospheric ozone column when the 
sun is at 30° from the zenith, (B) simulating a 
0.22 atm•cm ozone column when the sun is at 30° from 
the zenith, (C) simulating a 0.29 atm•cm ozone 
column when the sun is at 15° from the zenith, 
and (D) with all biologically effective UV 
radiation as defined by equation 1 removed. See 
text and Table 3 for lamp/filter systems used 
to achieve the spectral irradiance levels shown. 
Irradiance between 400 and 700 nm was 800 µeinsteins• 
m-2.s-l. 
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sun at 30° from the zenith. The mean level of ozone in northern 
Utah in August is approximately 0.29 atm•cm. The radiation sources 
used to produce this spectral irradiance consisted of (1) a 
6000-W xenon arc filtered with three layers of Kodacel TA-401 
(5 mil) plastic film filters and (2) two Westinghouse FS-40 'sun 
lamps', each filtered by one layer of Kodacel TA-401 (5 mil) 
plastic film filter in the configuration illustrated in Figure 3. 
Treatment 2 (curve B, Figure 14) simulated a 0.22 atm 0 cm ozone 
column with the sun at 30° from the zenith. The radiation sources 
used for this treatment consisted of (1) a 6000-W xenon arc 
filtered with 2-mm, WG-320 glass filters (Schott Co.) and (2) two 
Westinghouse FS-40 'sun lamps' each filtered by two layers of 
Kodacel TA-401 (5 mil) plastic film filters in the configuration 
illustrated in Figure 3. 
Treatment 3 (curve C, Figure 14) simulated a 0.29 atm•cm ozone 
column with the sun at 15° from the zenith. The Lamp/filter 
combinations used to produce this spectral irradiance were (1) 
a 6000-W xenon arc filtered by 2-mm, WG 320 glass filters (Schott 
Co.) and (2) two Westinghouse FS-40 'sun lamps' each filtered by 
Mylar type 'A' (10 mil) polyester film in the configuration 
illustrated in Figure 3. 
Treatment 4 (curve D, Figure 14) was produced by a 6000-W 
xenon arc and 2 Westinghouse FS-40 'sun lamps', each filtered 
by one layer of Mylar type 'A' (10 mil) polyester film. As shown 
in Figure 14, the spectral irradiance produced by this lamp/filter 
combination did not include wavelengths shorter than 313 nm above 
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-3 -2 -1 1.0 x 10 W·m ·nm • The biologically effective UV radiation 
action spectrum shown in Figure 1 does not include wavelengths 
above 313.3 nm as defined in equation 1. Thus, this treatment 
represents no biologically effective UV-B irradiation if integrated 
by equation 2 when irradiance above 1.0 x 10- 3 w·m- 2 ·nm-l is 
considered. Therefore, this treatment provided growing conditions 
with no biologically effective UV-B radiationwiich could be 
compared to other treatments (1, 2, and 3) consisting of various 
levels of biologically effective UV-B radiation. The biologically 
effective UV-B irradianceaccording to equation 1 was 0.0986, 0.0296, 
-2 
and 0.0087 W·m for treatments 1, 2 and 3, respectively. A 
summary of the four UV irradiance treatments and their respective 
lamp/filter systems is given in Table 3. 
The ozone concentration simulated in treatments 1 and 2 were 
predicted by equation 4 from a base ozone level of 0.29 atm 0 cm 
with the sun at 30° from the zenith. This predicted spectral 
irradiance was then compared to the data of Bener (1972) and the 
spectral irradiance predicted by the analytic equations of Green et 
al. (1974) as a further verification of the simulated ozone level. 
Treatment 3 ozone concentration was determined by direct comparison 
to the predicted spectral irradiance of the analytic equations of 
Green et al. (1974). 
An 11-hour photoperiod was employed with temperature programmed 
to simulate a July day in northern Utah (13 to 37C). The spectral 
irradiance levels shown in Figure 14 for treatments 1, 2 and 3 
were used during the middle 8 hours of the 11-hour photoperiod. 
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Table 3. Treatments employed in the evaluation of photosynthesis 
and growth of Rumex patientia L. under irradiation 
regimes simulating stratospheric ozone decreases. 
Treatment 
number 
1 
2 
3 
4 
Biologically 
effective 
uv-
irradiance 
(W·m-2) 
0.0986 
o. 0296 
0.0087 
0 
Atmospheric 
ozone level 
corresponding 
to UV-B 
irradiance 
(atm• cm) 
0.18 
0.22 
0.29 
Angle 
from 
the 
zenith 
30° 
30° 
15° 
(a) 
(b) 
(a) 
(b) 
(a) 
(b) 
(a) 
(b) 
Lamp/filter system 
xenon arc with 3 
layers of Kodacel 
TA-401 (5 mil) 
plastic film 
two FS-40 'sun 
lamps' with 1 
layer Kodaeel 
(5 mil). 
xenon arc with 2 
mm Schott Co., 
WG-320 glass 
filters 
two FS-40 lamps 
with 2 layers 
Kodacel (5 mil) 
xenon arc with 
2 mm Schott Co., 
WG-320 glass 
filters 
two FS-40 lamps 
with 1 layer 
Mylar (10 mil) 
xenon arc with 
1 layer Mylar 
(10 mil) 
two FS-40 lamps 
with 1 layer 
Mylar (10 mil) 
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Intensity of irradiation within the 400 to 700 nm waveband was 
-2 -1 
maintained at 800 µeinsteins•m ·s (400-700 nm) during this 
8-hour period for all treatments. During the remaining 3 hours, 
the spectral irradiance of all treatments corresponded with curve 
D of Figure 14. This was accomplished by turning off the FS-40 
'sun lamps' and placing a sheet of Mylar Type 'A' (10 mil) plastic 
film filter between the plant bed and the filtered 6000-W xenon 
arc for all treatments. In addition to excluding all irradiation 
below approximately 315 nm, total quanta in the 400 to 700 waveband 
. . -2 -1 
was reduced from 800 µe1nste1ns•m ·s , to approximately 680 
-2 -1 µeinsteins•m •s 
Rumex patientia L. seeds were germinated in petri dishes and 
the seedlings transplanted into 10 cm pots at the time of initiation 
of the first leaf. The plants were grown in a greenhouse until 
the third leaf was initiated. The plants were approximately 25 
days old at this time. From these plants , 24 of the most uniform-
appearing plants were selected for subsequent treatment. Of these 
24 plants, 6 plants were randomly selected for each treatment and 
immediately transferred to the controlled environments. In all 
cases, only the third leaf was used in photosynthetic and growth 
analysis. The third leaf was held horizontal to the light sources 
by white string. 
The plastic film filters were routinely replaced every two or 
three days to reduce photodegradation and maintain the desired 
spectral irradiance. 
Results 
Ontogeny and photosynthesis of Rumex 
patientia L. leaves exposed to 4 
levels of UV irradiance 
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Mean net photosynthesis rates of the third leaf of!· patientia 
L. exposed to 4 levels of UV irradiance (see Figure 14) are 
presented in Figure 15. Except for day 9, plants of treatment 4 
(curve D, Figure 14) maintained the highest photosynthetic rates 
throughout the study. Mean net photosynthetic rates on day 9 for 
-2 
treatments 3 and 4 were almost identical (8.49 and 8.43 mgco 2 ·dm · 
-1 hr for treatments 3 and 4, respectively). After day 9, mean net 
photosynthetic rates were depressed as a function of the amount 
of biologically effective UV irradiation of each treatment. That 
is, treatment 4 (no biologically effective irradiation above 1.0 x 
-3 -2 -1 10 W•m ·nm by equation 2) resulted in the highest mean net 
photosynthetic rates throughout the study followed by treatment 3 
-2 -2 (0.0087 W·m ), treatment 2 (0.0296 W•m ), respectively. Longevity 
of the third leaf was similarly decreased with increased biologically 
effective UV irradiance. This effect was most pronounced in 
treatment 1 where leaf death occurred prior to 39 days. A leaf 
was considered dead when at least 90 percent of the leaf was brown 
and dry. In contrast, leaf death for treatment 3 and 4 occurred 
after 53 days and prior to 49 days in treatment 2. Although the 
UV irradiance of treatment 3 resulted in a reduction of mean net 
photosynthetic rates after 9 days exposure relative to treatment 
4, leaf longevity of these two treatments did not differ. 
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Figure 15. Mean net photosynthesis of the third leaf of Rumex 
patientia L. exposed to four levels of UV irradiance 
(Figure 14) (A) simulating a 0.18 atm·cm ozone 
column when the sun is at 30° from the zenith, (B) 
simulating a 0.22 atm•cm ozone colunm when the sun 
is at 30° from the zenith, (C) simulating a 0.29 
atm•cm ozone colunm when the sun is at 15° from 
the zenith and (D) with no biologically effective 
UV irradiation as defined by equation 2 above 
1.0 x 10-3 W·m-2•nm-l. This controlled-environment 
study was conducted at 800 µeinsteins.m-2·s-l during 
the middle 8 hr of an 11-hr photoperiod with the 
remaining 3 hr irradiance at 680 µeinsteins·m-2·s-l 
The vertical bars represent± one standard deviation 
and each point represents the mean of 4 to 6 
replicates. 
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Leaf area measurements determined concomitantly with net 
photosynthetic rate determinations for the four UV irradiation 
treatments are shown in Figure 16. As similarly determined for 
mean net photosynthetic rates exposed to the four UV irradiation 
treatments, the degree of leaf area suppression was a function of 
the amount of biologically effective UV irradiation. That is, 
mean leaf area of those plants in treatment 1 displayed the greatest 
reduction ·relative to treatment 4 followed by treatment 2 and 3, 
respectively. Although the third leaf in treatment 1 and 2 under-
went leaf senescence and death prior to treatments 3 and 4, whole-
plant senescence and .death was no.t observed in any treatment 
during the study. 
The reciprocity relationship for 
depression of photosynthesis and 
leaf growth of Rumex patientia 
L. exposed to UV irradiation 
The photosynthetic data of treatments 1 through 4 (Figure 15) 
were fitted by least squares technique~ with the results shown in 
Figure 17. In this form, the photosynthetic data from treatment .s 
1, 2 and 3 were compared to treatment 4 to determine the percent 
reduction in net photosynthetic rates. These values are graphically 
represented in Figure 18 with the abscissa representing accumulated 
biologically effective UV irradiation. Thus, each point represents 
the percent reduction in photosynthesis that occurred relative 
to treatment 4 and the accumulated biologically effective UV 
irradiation to that day. The data shown in Figure 18 represent a 
comparison of photosynthetic rates of the plants of treatments 1 
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Figure 16. Leaf area measurements of the third leaf of Rumex 
patientia L. exposed to four UV spectral irradiance 
(Figure 14) (A) simulating a 0.18 atm·cm ozone column 
when the sun is at 30° from the zenith, (B) simulating 
a 0.22 atm•cm ozone column when the sun is at 30 ° 
from the zenith, (C) simulating a 0.29 atm 0 cm ozone 
colunm when the sun is 15 ° from the zenith and (D) 
with no biologically effective UV radiation as 
defined by equation 2 above 1 x 10-3 W·m-2•nm-1
The controlled-environment study was conducted at 
800 µeinsteins·m-2-s-l during the middle 8 hr of an
11 hr photoperiod with the remaining 3 hr irradiance 
at 680 µeinsteins·m-2-s-l. The vertical bars
represent ± one standard deviation.and each point 
is the mean of 4 to 6 replicates. 
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Figure 17. Least squares fit to the net photosynthesis data 
determined for the third leaf of Rumex patientia 
L. exposed to four levels of UV irradiance 
(treatment 1-ir-----··~-A; treatment 2 ts--- -------6; 
treatment 3 o----o; treatment 4 • •). Each 
point represents the mean of 4 to 6 replicates. 
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Figure 18. Plot of the percent reduction in net photosynthesis 
determined for treatments 1 (A), 2 (~) and 3 (o) 
relative to treatment 4 as a function of biologically 
effective UV irradiance as defined by equation 2. 
The curve represents a least squares fit to the 
data. 
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through 3 compared to treatment 4 only between the initial and 
final day of actual measurements of photosynthesis. Since the 
shape of the curves beyond the measurements are not known, 
extrapolation of the data to the point where photosynthesis was 
totally inhibited or prior to the measurements was not made. 
If the inhibition of photosynthesis by biologically effective 
UV irradiation exhibits reciprocity, the same degree of reductions 
in photosynthesis must occur when the sum of daily biologically 
effective UV irradiation is the same. Representative comparisons 
between treatments where the accumulated biologically effective UV 
irradiation values were nearly identical is presented in Table 4. 
For those comparisons shown in Table 4, 1 through 5 were essentially 
equivalent in the accumulated biologically effective UV irradiation 
and the reduction in photosynthesis relative to treatment 4. · However, 
comparison 6 deviated somewhat in that the biologically effective UV 
irradiation of treatments 1 and 3 were identical, but a 7 percent 
difference in the percent reduction in photosynthesis occurred. 
Figure 19 is a plot of the logarithm of photosynthetic reduction 
as a function of biologically effective UV irradiation. Data for 
this plot were taken from Figure 18 to illustrate reciprocity, 
i.e. that short periods of higher intensity UV irradiation were 
equally effective in repressing photosynthesis as were longer periods 
of lower intensity irradiance. Thus, reciprocity is indicated between 
6350 and 31750 J biologically effective UV irradiance. Data 
above and below 6350 and 31750 J biologically effective UV 
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Table 4. Percent reduction in photosynthesis of UV irradiance 
treatments 1, 2 and 3 relative to treatment 4 and 
their associated biologically effective UV irradiance. 
Days Percent reduction Biologically 
Treatment of in photosynthesis effective UV 
number treatment relative to irradiance 
treatment 4 (Joules) 
(1) 2 9 2 7. 3 6714 
3 42 28. 0 9198 
(2) 2 16 31.9 11936 
3 1}5 32.0 9855 
(3) 1 8 36.3 19872 
2 27 37.0 20142 
(4) 1 10 40.1 24840 
2 35 42.0 26110 
(5) 1 12 46.0 29808 
2 40 44.8 29840 
(6) 1 7 30.0 17388 
2 23 37.0 17158 

Figure 19. Plot of the logarithm of net photosynthetic reduction 
of treatments 1 (&), 2 (o) and 3 (�) relative to 
treatment 4 (no biologically effective UV 
radiation above 1.0 x 10-3 W·m-2•nm-l as defined
by equation 2) as a function of biologically 
effective UV irradiation. The li ne represents 
a least squares fit to the data. 
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irradiation (Figure 18) could not be tested in terms of reciprocity 
since the total biologically effective UV irradiation as defined 
by equation 2 were not comparable between treatments. 
Area of the third leaf of R. patientia L. for treatments 1 
through 4 (Figure 16) determined concomitantly with net photo-
synthetic rates and fitted by least squares analysis are shown in 
Figure 20. 2 -1 Leaf area expansion rates (cm •day ) computed from a 
least squares fit to these data are shown in Figure 21 for treat-
ments 1 through 4. As shown previously for leaf elongation rates, 
the depressive action of UV irradiation on leaf expansion was most 
effective during the initial few days of exposure. Thereafter, 
leaf expansion rates were much less affected by UV irradiation. 
This type of response does not support a reciprocal mode of 
action by UV irradiation on leaf expansion rates. Rather, depression 
of leaf expansion took place during the first few days of leaf 
expansion arid was dependent upon the level of biologically effective 
UV irradiance rather than the accumulated irradiation. 
Simulation model of photosynthesis and 
leaf growth of Rumex patientia L. 
exposed to solar UV radiation 
corresponding to reduced atmospheric 
ozone concentrations 
A simulation model was developed on the basis of biologically 
effective UV irradiation as defined by equation 5 and its relation-
ship to net photosynthesis and leaf growth of B:_. patientia L. The 
analytic equations of Green et al. (1974) were used to predict 
hourly global UV radiation between 280 and 315 nm for the 

Figure 20. Leaf area of the third leaf of Rumex patientia L. 
exposed to four levels of UV irradiance in a 
controlled-environment study. The curves 
represent least squares fits to the data 
(treatment 1 (A), 2 (~), 3 (o) and 4 (•)). 
Each point represents the mean of 4 to 6 
replicates. 
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Figure 21. Leaf expansion rates of the third leaf of Rumex 
patientia L. exposed to four levels of UV 
irradiance determined from the least squares 
fits to the data of Figure 20 ( treatment 1 
(-··-), 2 (----), 3 (- -) and 4 ( )). 
':-. 
0 
"'O 
2.5 
2.0 
0 1.0 Q) 
.....J 
05 
80 
I 16 20 24 28 
Leaf Age (Days) 
81 
determination of hourly biologically effective UV irradiation 
by equation 5. The prediction of UV radiation within the 280 to 
315 nm waveband by these equations are dependent on hourly angle 
of the sun from the zenith and daily concentrations of ozone (atm•cm). 
Hourly angle from zenith (8) is calculated by: 
8 = cos ¢ cos o cos s + sin ¢ sin o (6) 
where the latitude,¢, is 42°N and the hour angles (I:) are -90° 
(6 AM) to 90° (6 PM) (List, 1971). Daily declination (o) values 
are predicted by the equation: 
o = 23.27 sin (0.9918A - 0.3016) (7) 
where A is the day number between 1 (March 21) and 185 (September 
21). This equation was derived by a least squares fit to the data 
of List (1971). 
For the determination of global UV-B radiation under normal 
ozone conditions, a least squares fit to the ozone data of Hering 
and Borden (1967) was used to predict an ozone concentration for 
those days between March 21 and September 21. The least squares 
fit to these data is shown in Figure 22 and can be represented 
by the equation: 
-3 Ozone (atm•cm) = 0.3728 + B (-0.5028 x 10 ) (8) 
where B represents the day number between March 1 (day 1) and 
September 21 (day 185). A reduced ozone concentration is determined 
by simply reducing the predicted ozone concentration by a given 
percent. Daily biologically effective UV irradiation for both the 
normal and reduced ozone concentrations are determined by averaging 
the total hourly values between 0600 and 1800. The difference 

Figure 22. A least squares fit to the ozone concentration 
data(•) of Hering and Borden (1967) from 
March 1 to September 21, 1965. 
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between the daily biologically effective UV irradiation for the 
normal and reduced ozone concentrations is the quantitative measure 
of the additional biologically effective UV irradiation occurring 
due to ozone reduction as defined by equation 5. 
Daily biologically effective UV irradiation values determined 
for normal ozone concentrations and reductions of 5, 15 and 40 
percent for April 1 to September 10 are shown in Figure 23. 
Biologically effective UV irradiation as used in this study and 
defined by equation 5 is represented in this graph as the difference 
between those values given for the normal ozone condition and the 
reductions. Data presented in this graph represent maximum values 
since cloud cover is not considered. The largest biologically 
effective UV irradiation values occur during mid-June since the 
solar angle from zenith is minimal during this period in northern 
Utah (42°N latitude) and relatively low concentrations of ozone 
are prevalent. 
Net photosynthetic rates of R. patientia L. exposed to 
various levels of atmospheric ozone reduction and associated UV 
radiation are predicted by the relationship shown in Figure 18. 
That is, biologically effective UV irradiation accumulated over 
time results in a reduction in photosynthesis by: 
y = -0.444 + (-0.4671C) + (0.23791C 2 ) + (0.0118lvt+0.5) (9) 
where C is the accumulated biologically effective UV irradiation. 
This equation represents a least squares fit to the data shown 
in Figure 18. Absolute values of photosynthesis through the complete 

Figure 23. Predicted daily biologically effective UV irradiation 
(J·m-2•day-1) for cloudless days between April 1
and September 21 for ozone concentration reductions 
of 5 (B), 15 (C) and 40 percent (D) from a-least 
squares fit (Fig�re 22) to the ozone data of 
Hering and Borden (1967). 
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ontogeny of all~- patientia L. leaves in a field situation under 
existing ozone conditions were not determined in this study. 
Thus, photosynthetic rate predictions by the simulation model are 
expressed by a percent reduction from the least squares fit to 
the photosynthetic rate data determined for treatment 4 with no 
biologically effective UV radiation (Figure 15). 
Predicted net photosynthetic rates of the third leaf of 
Rumex patientia L. exposed to UV-B radiation simulating a 5 percent 
d . . h 800 . . - 2 -l (400 700 ) . ozone re uction wit µeinsteins•m •s - nm is 
shown in Figure 24 for both the April 1 to May 5 and June 1 to 
July 5 periods. A detectable reduction in net photosynthetic rates 
per unit leaf area of this leaf did not occur until 21 days exposure 
or when the accumulated biologically UV irradiation was 2095 J 
for the June 1 to July 5 period. After 35 days simulation, 
a reduction of 6 percent in the photosynthetic rate of this leaf 
occurred. For a 5 percent ozone reduction between April 1 and May 5, 
a decrease in photosynthetic rate was not detected until 31 days. 
This increased exposure period before photosynthetic rates were 
reduced for the April 1 to May 5 period is due to higher ozone 
concentrations "and greater prevailing angles from the zenith. 
These two factors in combination result in a reduction of UV-B 
radiation. As shown in Figure 18 and defined by equation 9, 
biologically effective UV irradiation of about 2095 J must 
be accumulated prior to a detectable reduction in photosynthetic 
rates per unit leaf area. 

Figure 24. Predicted net photosynthetic rates of the third 
leaf of Rumex patientia L. exposed to UV-B radiation 
simulating a 5 percent atmospheric ozone reduction 
for the April 1 to May 5 (---) and June 1 to 
July 5 (~--~) periods. Predicted photosynthetic 
rates are expressed as a reduction from a least 
squares fit ( ) to the photosynthetic data 
of treatment 4. 
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Photosynthetic rates predicted under a simulated 15 percent 
ozone reduction for the third leaf of~· patientia L. for both 
April 1 to May 5 and June 1 to July 5 are shown in Figure 25. 
Under these conditions, the photosynthetic rate of leaf 3 is 
reduced after 7 days simulated exposure during the June 1 to 
July 5 period and after 12 days during the April 1 to May 5 period. 
When the leaf is 35 days old, a photosynthetic rate reduction of 
13 percent occurred during the April 1 to May 5 period and 21 
percent for this same leaf during the June 1 to July 5 period. 
Under a simulated 40 percent stratospheric ozone reduction, 
4 days were required to reduce photosynthetic rates when the 
third leaf was initiated on April 1 and 2 days when initiated on 
June 1 (Figure 26). A reduction of 42 percent occurred after 
35 days for this leaf when initiated on June 1 and a 36 percent 
reduction after this same time period when initiated on April 1. 
2 -1 Least squares fits to the leaf area expansion rates (cm .day ) 
determined for the third leaf of R. patientia L. exposed to the 
four UV irradiance treatments (Figure 21) were used in the prediction 
of leaf expansion rates in the simulation model. The computation 
of daily leaf expansion was based on the predicted daily biologically 
effective UV irradiation. Thus, depending on the predicted leaf 
age and biologically effective UV irradiation, reduction of expansion 
rates was determined by linear interpolation between the nearest 
applicable functions in Figure 21. For example, for a predicted 
. -1 daily biologically effective UV irradiation of 1200 Jeday , a 
linear interpolation was made between the leaf expansion rate of 

Figure 25 . Predi c ted net photosynthetic rates of the third 
leaf of Rumex patientia L. exposed to UV-B 
radiation simulating a 15 percent atmospheric 
ozone reduction for the April 1 to May 5 
(----) and June 1 to July 5 _(~--~)periods. 
Predicted photosynthetic rates are expressed as 
a reduction from a least squares fit ( ) 
to the photosynthetic data of treatment 4. 
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Figure 26. Predicted net photosynthetic rates of the third 
leaf of Rum.ex patientia L. exposed to UV-B 
radiation simulating a 40 percent atmospheric 
ozone reduction for the April 1 to May 5 
(---) and June 1 to July 5 (-- -- -) periods. 
Predicted photosynthetic rates are expressed 
as a reduction from a least squares fit ( ) 
to the photosynthetic data of treatment 4. 
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treatment 2 (746 J•day-1) and 1 (2484 J•day-1) at 
day 5. Since the predicted growth rates are based on the third 
leaf, and leaf areas of leaves number 1 and 2 are approximately 
40 and 70 percent of subsequent leaves (see Figure 11), respectively, 
leaf area expansion rates of the first two leaves were adjusted 
accordingly. An interval of 7 days between newly initiated leaves 
was used for these simulations. 
Figures 27 and 28 represent predicted total leaf area of _g_. 
patientia L. exposed to UV-B radiation simulating normal ozone 
concentrations (Hering and Borden, 1967; Figure 22) and reductions 
of 5, 15 and 40 percent for respective periods of April 1 to May 
5 and June 1 to July 5. After 35 days, leaf area reductions of 
2, 7 and 20 percent occurred under 95, 85 and 60 percent of the 
normal ozone concentration during the April 1 to May 5 period when 
compared to leaf area predicted under normal ozone concentrations. 
For this same comparison, reductions of 3, 11 and 26 percent occurred 
under 95, 85 and 60 percent of the normal ozone concentration, 
respectively. As occurred with predicted net photosynthetic rates, 
leaf expansion reductions are more severe during the June 1 to 
July 5 period due to higher biologically effective UV irradiation 
prevalent during this period. 
-1 Predicted total plant carbon dioxide uptake (mgco 2 ·hr ) for 
the entire plant occurring from April 1 to May 5 and June 1 to 
July 5 under simulated ozone reductions of 5, 15 and 40 percent 
from normal (Figure 22) is shown in Figures 29 and 30, respectively. 

Figure 27. Predicted total leaf area of Rumex patientia L. 
exposed to UV-B radiation corresponding to 
normal ozone concentrations (A), and reductions 
of 5 (B), 15 (C) and 40 percent (D) during the 
period April 1 to May 5. For these simulations, 
a new leaf is initiated every 7 days. 
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Figure 28. Predicted total leaf area of Rumex patientia L. 
exposed to UV-B radiation corresponding to normal 
ozone concentrations (A), and reductions of 
5 (B), 15 (C) and 40 percent (D) during the 
period June 1 to July 5. For these simulations, 
a new leaf is initiated every 7 days. 
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Figure 29. Predicted total carbon dioxide uptake (mgC02 ·hr-
1) 
for Rumex patientia L. exposed to UV-B radiation 
corresponding to normal ozone concentrations (A), 
and reductions of 5 (B), 15 (C) and 40 percent (D) 
during the period April 1 to May 5. For these 
simulations, a new leaf was initiated every 7 days 
and irradiance within the 400 to 700 nm waveband 
was 800 µeinsteins·m-2.s-l. 
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Figure 30. Predicted total carbon dioxide uptake (mgC02·hr-l) 
for Rumex patientia L. exposed to UV-B radiation 
corresponding to normal ozone concentrations (A), 
and the reductions of 5 (B), 15 (C) and 40 percent 
(D) during the period June 1 to July 5. For 
these simulations, a new leaf was initiated every 
7 days and irradiance within the 400 to 700 nm 
waveband was 800 µeinsteins·m-2.s-l. 
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These values represent photosynthesis occurring under visible 
. . -2 -1 irradiation (400-700 nm) of 800 µe1nste1ns•m •s and with a new 
leaf being initiated every seven days. 
A validation test of the simulation model was made utilizing 
measured photosynthetic rates of~· patientia L. exposed to UV 
radiation simulating a 0.18 atm·cm ozone column (when the sun's 
angle is 30° from the zenith) in a field experiment. Hourly ozone 
values used to predict photosynthetic rates as a function of 
biologically effective UV irradiation were taken from Figure 6. 
The photosynthetic rates in the simulation model were set at the 
-2 -1 
measured photosynthetic rate (18.04 mgC02·dm •hr ) on day zero 
of the field experiment. Thereafter, predicted photosynthetic 
rates were reduced from the measured control-treatment photo-
synthetic rates as a function of biologically effective UV 
irradiation accumulated through the eight-day experiment. 
Predicted photosynthetic rates under these ozone concentrations 
were within one standard error of the measured photosynthetic 
rates on days 4 and 6 (Figure 31). However, in general, the 
predicted photosynthetic rates were greater than those actually 
measured. These results were not surprising since cloud cover was 
not considered in the simulation model. Total global irradiation 
-2 -1 data (cal•cm •min ) obtained during the July 10 to July 17, 1974, 
field experiment period showed that only 4 of the 8 days were 
cloudless (July 10, 11, 12 and 14) (Figure 32) (I. Dirmhirn, 
personal connnunication). During periods of cloudiness, the 
proportional increment of biologically effective UV irradiation would 

Figure 31. Net photosynthesis of the third leaf of Rumex 
patientia L. during 8 days of UV irradiance 
(6--6) (simulating a 0.18 atm•cm stratospheric 
ozone level at an angle of 30° from the zenith) 
and control (0--0) treatment in field studies, 
and those predicted (0 -- 0) . Irradiance between 
400 and 700 nm for both the measured and predicted 
rates was 800 µeinsteins·m-2.s-l.
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Figure 32. Total global irradiation (cal•cm- 2 •min- 1) for July 
12, 13, 15, 16 and 17, 1974. Total global 
irradiation for July 10, 11 and 14 were cloudless 
days and the same as shown for July 12 (I. 
Dirmhirn, personal counnunication). 
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increase considerably since supplemented UV radiation from the 
lamps remained constant while the normal ambient solar UV radiation 
fluctuated with cloud cover. Computations for the prediction of 
photosynthetic rates of the UV-treated plants do not include these 
periods of proportionately increased biologically effective UV 
irradiation resulting from cloud cover and are thus too high. If 
the ambient cloud cover were incorporated into the simulation . 
model, the resulting predicted photosynthetic rates would more 
closely correspond to those measured. 
As shown by this validation test, the simulation model predicts 
reasonable decreases of photosynthesis when used for field conditions. 
Thus, the basis of the simulation model, biologically effective UV 
irradiation as defined by equation 5, appears to provide a reasonable 
quantitative measure of additional UV radiation load under reduced 
ozone concentrations in the production of these deleterious 
physiological effects. 
Discussion 
Although the UV-B radiation waveband (280 to 315 nm) comprises 
but a small portion of the global irradiance, the ability of this 
waveband to suppress plant physiological processes makes it a 
significant part of the total spectrum. Exposure of R. patientia 
L. to four levels of biologically effective UV irradiation showed 
that relatively small increases in biologically effective UV 
irradiation depressed photosynthesis. In addition, leaves exhibited 
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the tendency to accumulate damage even when exposed to low-
intensity biologically effective UV irradiance. In these experiments, 
reciprocity was shown to occur between 6350 and 31750 J. This 
tendency of the plants to accumulate damage when exposed to UV-B 
irradation could be important in terms of carbon dioxide uptake 
even under subtle ozone reductions. For sensitive plants with 
long-lived leaves exposed to full global irradiance over long 
periods of time, this would be particularly significant. 
The function represented in Figure 18 suggests a minimum or 
threshold of accumulated biologically effective UV irradiation 
of approximately 2095 J prior to a repressive effect on photo-
synthesis. However, this apparent threshold is a result of 
extrapolation from a least squares fit to the photosynthetic data 
of treatments 1, 2 and 3 relative to treatment 4. Since the data 
from which this function was derived do not include values less 
than 3066 J, the e x trapolation of this function to the point 
of no biological effect is uncertain and may pass through the 
origin. If this is the case and reciprocity applies below 6350 J, 
then the repress i ve effect on photosynthesis would begin 
upon initial exposure and be dependent upon the level of biologically 
effective UV irradiation to which a leaf is exposed. 
Leaf expansion, unlike photosynthesis, was repressed as a 
function of the level of biologically effective UV irradiance and 
primarily during the initial few days of UV-B radiation exposure. 
However, it is during this initial period of leaf ontogeny that 
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leaf expansion rates are the highest. Thus, a reduction of leaf 
expansion during this initial period of leaf ontogeny substantially 
reduced subsequent total plant leaf area and the potential for 
carbon gain. In addition to reducing leaf expansion, leaf longevity 
decreased with increased UV irradiation. Longevity of R. patientia 
-1 L. leaves exposed to 2484 J•day (treatment 1) were 
reduced 14 days when compared to leaves exposed to no biologically 
effective UV irradiation. Although leaf longevity was decreased, 
an acceleration of whole-plant senescence and death was not observed 
at any time during these short-term studies. 
In its present form, the simulation model should be viewed 
as a first approximation in the quantification of photosynthesis 
and growth of R. patientia L. exposed to various levels of atmospheric 
ozone decrease. Although the validation test of the model showed 
a reasonable correlation to the results of a field study, additional 
parameters should be incorporated. This is especially true of 
differing cloud conditions and their effects on UV-B radiation. 
In addition, the interactive effects of plant stress such as water 
deficits and temperature would improve the models' applicability 
as it pertains to~· patientia L. Expansion of the model to include 
plant species from both natural ecosystems and agricultural crops 
representing a range of tolerance to UV radiation would considerably 
enhance the scope of the model. 
The principle driving variable of the model, biologically 
effective UV irradiation as defined by equation 5, appears to 
provide a reasonable quantitative IIEasure of additional UV-B 
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radiation under reduced atmospheric ozone concentations for the 
prediction of photosynthetic reduction of R. patientia L. This 
measure of UV-B radiation is based on a host of action spectra 
determined for a variety of plants. These include the photoinhibition 
of spinach chloroplasts (Jones and Kok, 1966), the inhibition of 
photosynthesis in Chlorella pyrenoidosa (Bell and Merinova, 1961), 
epidermal cell damage on Oxyria digyna leaves (Caldwell, 1968), 
induction of chromosomal aberrations in Tradescantia paludosa 
pollen (Kirby-Smith and Craig, 1957) and the cessation of cyto-
plasmic streaming in epidermal cells of Allium cepa (Glubrecht, 
1953). Nucleic acids and proteins, of univers i al occurrence in 
higher plants, are believed to be the principal chromatophores 
in these studies (Caldwell, 1971). Although higher plants might 
be expected to respond sim i larly to UV-B radiation on the basis of 
nucleic acid and protein sensitivity, Cline and Salisbury (1966) 
have shown that plants range from sensitive to very tolerant when 
exposed to UV-C radiation. Thus, differential sensitivity of plants 
to UV radiation is probably based on the protection of nucleic acids 
and proteins by tissues or compounds which filter the radiation 
such as flavonoids and cuticles. The capacity of different species 
to repair radiation damage to different degrees may also play a 
role in the differential sensitivity of nucleic acids and proteins. 
Therefore, the response displayed by R. patientia L. to biologically 
effective UV radiation, as represented by Figure 18, may not reflect 
that of more tolerant plant species. Although plant species 
sensitive to small increases in global UV radiation would be those 
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initially affected under reduced ozone conditions, species more 
tolerant would also be adversely affected if they are shown to 
possess the capacity to accumulate damage in a manner similar to 
R. patientia L. 
CHAPTER V 
CONCLUSIONS 
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Results of this study show that UV-B radiation corresponding 
to a 0.18 atm•cm ozone column when the sun is at 30° from the 
zenith is detrimental to plant physiological processes in Rumex 
patientia. In addition, data of this study also suggest that levels 
of ambient UV-B radiation presently occurring in global irradiance 
could repress plant processes. 
Damage resulting from the absorption of UV radiation is not 
completely irreversible. Photorepair processes are well documented 
phenomena (Jagger, 1960) and dark repair has been shown to occur in 
higher plants (Howland, 1975). Dark repa i r efficiency appears 
dependent upon the total damage. That is, an approximate 100 
percent repair was shown to occur when few dimers are produced 
under low intensities of UV radiation (14 J·m- 2 ; 254 nm radiation) . 
With higher intensities of UV radiation, dark repair becomes a 
highly inefficient process of repair. For example, Howland found 
27 percent of the damage repaired when carrot protoplasts were 
exposed to 105 J·m- 2 UV radiation and only 1.6 percent repair after 
exposure to 420 J.m- 2 UV radiation (254 nm). Photorepair 
processes were shown to be 100 percent efficient when these same 
protoplasts were exposed to 42 J·m- 2 UV radiation and then exposed 
to radiation of longer wavelengths, whereas only 56 percent of the 
damage was repaired by dark repair processes. 
Photorepair has been shown to occur in a number of higher 
plants. Typically, the measure of UV radiation damage used in 
these studies was the development of leaf bronzing, browning, 
ll5 
or the development of other visible lesions (Bawden and Kleczkowski, 
1952; Caldwell, 1968; Chessin, 1958; Cline, Conner and Salisbury, 
1969; Cline and Salisbury, 1966; Gurskij, Ostapovic and Sokolov, 
1961; Tanada and Hendricks, 1953). The majority of these studies 
utilized 254 nm radiation with artificial lamps providing the longer 
wavelength radiation for photoreactivation. Gurskij et al. (1961), 
however, supplemented global irradiance with intense UV-Band UV-C 
(<280 nm) radiation and did not observe - visible leaf damage. The 
absence of leaf damage was attributed to photoreactivation. The 
potential efficiency of photoreactivation when plants are exposed 
to global irradiance was similarly indicated by the study of 
Caldwell (1968). In this study, leaves of alpine plants were exposed 
to UV radiation at 296.7 nm and 302.3 nm without other wavelengths. 
Irradiance closely simulated UV radiation during a sunnner day in the 
alpine where the test species were collected. Although this level 
of UV radiation resulted in severe leaf damage, similar damage was 
not observed under comparable ambient UV radiation in the field. 
Thus, photorepair processes are apparently capable of repairing 
considerable damage and appear more efficient under global 
irradiance than when supplemented with artificial irradiation. 
The only visible evidence of apparent leaf damage to!_. patientia 
exposed to UV radiation occurred in the controlled environment 
studies reported in Chapter III and only under a simulated 0.18 
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atm·cm ozone colunm. This damage appeared as one to several pale 
bands extending the length of the leaf paralleling the midvein. 
This damage was pronounced in the 400 µeinsteins·m- 2 ·s-l (400-
700 nm) UV radiation experiment and less so in the experiment at 
higher visible irradiance (800 µeinsteins·m- 2 ·s- 1 , 400-700 nm). 
Damage was initially observed in the UV-irradiated plants in the 
-2 -1 400 µeinsteins•m •s ( 400-700 nm) experiment after six days 
exposure when the 3eccnd leaf was eight days old. In addition, 
prominent leaf wrinkling occurred when plants were exposed to 400 
. . -2 -1 µe1nste1ns•m ·s under this same UV irradiance. Comparable 
visible damage was not observed in the field study at any time 
during 19 days exposure to identical supplemented UV-B radiation 
wavelengths and intensities as used in the controlled-environment 
studies. Thus, results of studies reported in Chapter III are in 
agreement with those of Caldwell (1968) and Gurskij et al. (1961). 
That is, photoreactivation is apparently an efficient process for 
repairing visible leaf damage resulting from UV radiation when 
simultaneously exposed to global irradiance. 
Damage within the photosynthetic processes resulting from UV 
radiation has not been conclusively shown to be photoreactivable. 
Photoreactivation of damage to the photosynthetic processes was not 
indicated to occur in R. patientia exposed to UV radiation in either 
controlled-environment (see Figures 8, 9, 10 and 15) or field 
studies (see Figure 12). Rather, the repression of photosynthesis 
was indicated to be a cumulative response and dependent upon the 
level of UV irradiation to which a leaf is exposed (Figure 18). 
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Further evidence of an apparent lack of photorepair occurring 
within damaged photosynthetic processes was the reciprocal mode of 
action by UV radiation (Figure 19). The lowest intensity of 
biologically effective UV irradiation evaluated in the experiment 
designed to test for reciprocity was 219 J·day-l (treatment) 
2; Chapter IV). This level of UV radiation is less than that 
received during a cloudless day in April (Figure 23). A detectable 
difference in photosynthetic rates between this level of UV 
-1 
radiation (219 J•day ; treatment 2) and a treatment with 
no biologically effective UV irradiation (treatment 4) occurred 
after 14 days, or when the UV radiation to which that leaf was 
exposed had accumulated to approximately 3060 J. This level 
of UV radiation is equivalent to global irradiance of three cloudless, 
mi d-June days (see Figure 23) and resulted in a reduction of about 
4 percent in photosynth~tic rates relative to treatment 4 (Figure 
18). 
If photoreactivation were implicated in the repair of damage 
to photosynthetic processes resulting from exposure to UV radiation, 
these processes would be expected to be more efficient under global 
irradiance than would occur under controlled-environment conditions. 
This was shown for leaf damage in the present studies with R. 
patientia and indicated in other studies (Caldwell, 1971; Gurskij 
et al., 1961). However, photosynthetic repression by accumulated 
UV radiation was comparable between controlled-environment and 
field studies as shown by the validation test of the simulation 
model (Figure 31). In addition, comparable depre s sions of photo-
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synthesis resulted in experiments at both 400 and 800 µeinsteins· 
m-
2
.s-l (400-700 nm) after seven days of UV radiation treatment 
(see Figures 9 and 10). Irradiance within the photorepair waveband 
(313 to 500 nm) (Jagger, 1960) was considerably higher in the 800 
µeinsteins·m- 2 ·s-l irradiance experiment and might be expected to 
drive photorepair processes more effectively than would occur under 
lower visible irradiance. This would result if photorepair 
processes do not saturate at very low intensities. A saturation of 
these photorepair processes is not indicated by the observations 
made during this study since more severe leaf damage occurred in 
-2 -1 
the lower visible irradiance experiment (400 µeinsteins·m ·s ; 
400-700 nm) as discussed earlier. 
The lowest intensity of UV radiation evaluated in this study 
(approximately 219 J-day- 1 ) was less than that predicted 
during cloudless April days (Figure 23) using the atmospheric ozone 
c oncentrations of Hering and Borden (1967) (Figure 22) and the 
analytic equations of Green et al. (1974). This level of UV 
radiation was shown to detectably depress photosynthesis (Figure 18) 
after 14 days and repress leaf expansion (Figure 20). If ambient 
UV radiation levels are indeed detrimental, the repressive effect 
-1 
would increase from April (approximately 500 J 0 day ) to 
mid-June (1300 J-day- 1 ). Plants may respond to this period 
of increased ambient UV radiation, or increased UV radiation 
occurring under natural atmospheric ozone concentration reduction, 
by producing higher concentrations of UV-radiation-absorbing 
compounds such as flavonoids. This phenomena has indeed been 
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shown to occur and as rapidly as half a day (Caldwell, 1968; 
Lautenschlager-Fleury, 1955). This ability to rapidly respond to 
fluctuating levels of UV radiation would be of considerable value 
to plants such as R. patientia which continuously initiate, and 
thus expose new leaves. However, sufficient levels of flavonoids 
or other UV-radiation-absorbing compo\lllds were apparently not 
produced in R. patientia to protect physiological targets of 
photosynthetic (see Figures 8, 9, 10, 12 and 15) or leaf growth 
(Figures 11, 13 and 16) processes under the levels of supplemented 
UV radiation tested. 
The efficiency of plant processes such as photosynthesis 
appears quite vulnerable to UV radiation. This is a result of 
their being damaged according to the level of accumulated UV 
radiation (Figures 8, 9, 10, 12, 15 and 18), and the apparent 
inability to completely repair damage or to produce sufficient 
protective UV-radiation-screening compounds such as flavonoids. 
However, ambient levels of UV radiation are reasonably low and 
substantial depressions of photosynthesis, or other plant processes 
responding to UV radiation similarly, would not be expected. Even 
under a simulated five percent ozone reduction from the ozone data 
of Hering and Borden (1967), predicted photosynthetic rates 
(Figure 24) and total-plant, co2 uptake (Figure 29 and 30) were 
only slightly reduced. In addition, predicted rates were only 
reduced in the late phase of leaf ontogeny when the contribution by 
that leaf to co2 uptake of the entire plant would be diminishing. 
With more substantial depletion in atmospheric ozone (ie. 15 and 40 
percent), a considerable reduction in co2 uptake could result 
(Figure 29 and 30). 
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DUtsch (1973) has shown that year-to-year fluctuations in 
atmospheric ozone concentrations occur and are as great as 10 
percent. The largest fluctuations reported were a high of about 
0.36 atm·cm in 1940-1941 and a low of about 0.325 atm•cm in 1964-
1965. However, mean fluctuations were considerably lower, usually 
less than 5 percent. The compounding effects of both normally-
occurring low mean ozone concentrations plus small man-induced 
ozone reductions (ie., less than 10 percent) could result in 
substantial increases in UV radiation levels. For example, a 
reduction of 5 to 10 percent ozone from a mean yearly ozone level 
of 0.32 atm•cm would be more detrimental than this same reduction 
from a mean level of 0.36 atm•cm ozone. This effect would be 
more significan t to those plant processes that are not photo-
reactivable, such as appears for photosynthesis. In addition, this 
would be compounded with seasonal variation s (Fig~re 23). 
With the available lamp/filter systems it is not presently 
possible to simulate a certain level of atmospheric ozone reduction 
over an entire day (see Figure 6). Since field verification of 
controlled-environment studies are necessary, biologically effective 
UV radiation as defined by equation 5, could be used as the criterion 
upon which field and controlled-environment studies could be 
corroborated. In terms of photobiological action, UV-B radiation 
is highly wavelength-specific (Caldwell, 1971; Giese, 1964). Thus, 
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in order to facilitate a correlation of results to any specific 
atmospheric ozone reduction, or to compare field and controlled-
environment studies, the added UV-B radiation wavelengths must 
be comparable. This can be achieved with a reasonably high degree 
of accuracy and repeatability with the lamp/filter systems described 
in Chapters II, III, and IV. 
As noted in Chapter IV, R. patientia is probably representative 
of species which are sensitive to UV radiation. Cline and 
Salisbury (1966) showed in their survey of 67 plant species that 
plants sensitive to UV radiation tended to have thin, horizontal 
leaves similar to _g_. patientia. Of the sensitive species they 
examined anatomically, most had thin cuticles and thin epidermal 
layers although a few of the more resistant species also possessed 
these characteristics. Usually, the more resistant species possessed 
such characteristics as vertical leaves (e.g., grasses), several 
layers of thick-walled, sub-epidermal cells (e.g., conifers), 
tightly-packed globular crystals in the epidermis (e.g., cactus) 
and thick-walled hypodermal cells (e.g., Agave sp. and conifers). 
If terrestrial UV radiation levels were increased due to 
atmospheric ozone reduction, plants sensitive to UV radiation and 
perhaps even species which are moderately resistant with long-lived 
plant parts would probably be affected. This could be especially 
true of those plants incapable of reflecting or attenuating UV 
radiation prior to absorption by physiological targets. This would 
be particularly critical for damage which is not efficiently 
repaired such as is apparently true of photosynthesis. In addition, 
temperature has been shown to be important in the severity of 
damage sustained by plants exposed to UV radiation. El-Mansey 
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and Salisbury (1971) showed that the deleterious effects of UV 
radiation increased with higher temperature. This temperature 
interaction could increase the potential effects of enhanced UV 
radiation resulting from reduced atmospheric ozone. Additional 
interactive factors that could increase the severity of damage 
to plants under increased terrestrial UV radiation are those 
involving water stress and natural competition. In land ecosystems, 
a subtle increase in UV radiation could repress certain species 
and result in a shift in species composition to those more tolerant 
of UV radiation. In the context of ecosystems, those plant species 
generally shaded or completing most of their growth prior to June 
when biologically effective UV radiation levels are highest 
(Figure 23), would probably not be considered as vulnerable. 
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